Abstract In attempts to mitigate habitat degradation, coastal restoration practices have increasingly been developed. Many restoration practices, such as the introduction of freshwater or seawater, depend on improving the physical conditions in the degraded coastal salt marshes. The effectiveness of restoration practice is the most important focus of coastal wetland managers and ecologists. Here, we explored the effectiveness of irrigation with either freshwater or seawater in achieving re-vegetation on degraded bare flats in the Yellow River Delta through a controlled field experiment and greenhouse experiments. Our results showed that the re-establishment of plant seedlings could occur on bare flats when the two essential thresholds are exceeded. Seawater irrigation was less effective than freshwater because of the failure of the former to meet the salinity threshold for seed germination. It was harder to re-establish seedlings on the bare flats in the supratidal uplands, compared to bare flats in the middle and high marsh, because of the initial high soil salinity and low moisture content, which exceeded the tolerance thresholds of the seeds of several salt marsh species. Information on soil factor thresholds can predict the effectiveness of restoration efforts, an achievement which is instructive for future restoration efforts on bare flats.
Introduction
Due to direct or indirect human impacts, such as coastal development, storm defense structures, or human-induced rises in sea level, more than half the worldwide loss or degradation of salt marshes has occurred over the past three decades (Duke et al., 2007; Barbier et al., 2008) . Vegetation habitats in salt marshes, which would normally stabilize or even expand naturally are increasingly threatened, mainly as a result of land reclamation, during which the marshes are embanked and lost (Roman et al., 1984; Qi et al., 2016) . Around the world, coastal wetland restoration is increasingly being carried out to reverse such ecological degradation (Dahm et al., 1995) . Many salt marsh restoration practices, such as the introduction of freshwater or seawater, depend on improving the physical conditions in the degraded salt marshes in order to promote the shift from seed banks to seedlings or to directly fulfill vegetation colonization by seeding or by seedling transplantation (Handa & Jefferies, 2000; Davy et al., 2011; O'Donnell et al., 2016) . However, these restoration practices are not always successful because of a lack of knowledge regarding the bottlenecks which limit the effectiveness of restoration practices (Benayas et al., 2009; Martin & Kirkman, 2009 ). Identification of the physical parameter thresholds relevant to plant species reestablishment is crucial to increasing the effectiveness of improved restoration practices by manipulating the limiting physical factors (Suding & Hobbs, 2009; Bestelmeyer et al., 2013) .
Seed germination is considered to be one of the most vulnerable processes in a plant's life history (Silinski et al., 2015) , and performance at this stage can determine whether or not a plant species will reestablish on degraded salt marshes (Balke et al., 2014) . In salt marshes, soil salinity and moisture content have been observed in several studies to be the predominant physical factors involved in regulating seed germination and seedling survival (Nichols et al., 2009; Moffett et al., 2010) . Increased soil salinity and lowered soil moisture limit seedling establishment in degraded salt marshes as consequences of tide blocking by human development or severe droughts (He et al., 2017; Xie et al., 2017) . Several studies have suggested that, for many species, seeds would resume germination when physical disturbances are removed, so many restoration practices have attempted to eliminate the stress caused by excessive soil salinity or moisture deficit in degraded salt marshes (Martin & Kirkman, 2009) . The threshold values of such physical factors regulate the initial establishment of plants, a crucial phase in vegetation restoration, but they are not well understood (Balke et al., 2011; Friess et al., 2012) .
It is generally acknowledged that restoration practices which attempt to promote the re-establishment of plant species in degraded bare flats (Silinski et al., 2015) should replicate the environmental conditions (Friess et al., 2012) . The environmental conditions suitable for seed viability and their subsequent germination is the first threshold which has to be passed before the vegetation can successfully recovery (Erfanzadeh et al., 2010) . The initial seedling establishment processes are usually inhibited by stresses resulting from strong physical disturbances in degraded bare flats (Balke et al., 2014) . This means that, once the stresses have been removed, seedling reestablishment would proceed under restoration practices (Balke et al., 2013; Sarneel et al., 2014) . Therefore, whether the improved environmental conditions meet the germination threshold for the seeds determines the success or failure of restoration practices.
The effectiveness of vegetation restoration practices in degraded coastal salt marshes is supported by the rehabilitation of active seeds (Armitage et al., 2014) . If seeds in the seed banks of local species or exotic-introduced seeds lose their viability under the harsh physical stresses occurring in degraded marshes (Clark et al., 2007) , the restoration practices cannot promote germination, regardless of the improvement of environmental conditions. Some physical stresses in degraded marshes cause seed dormancy or death, which is another threshold determining the effectiveness of restoration practices (Amen et al., 1970; Necajeva & Ievinsh, 2008) . The sequence of threshold understanding indicates that re-establishment of salt marsh species requires suitable restoration of the physical conditions in order to pass all the thresholds. While many studies have focused on explaining the collapse of coastal salt marshes (Scheffer & Carpenter, 2003) , only a few have aimed to address and predict general threshold dynamics as the basis for achieving the re-establishment of these systems (Bestelmeyer et al., 2013; Balke et al., 2014) .
Since 2002, restoration projects have been carried out on degraded salt marshes in the Yellow River Delta, involving the introduction of freshwater or seawater irrigation to improve soil salinity and moisture conditions (Cui et al., 2009) . Some of these restoration projects have failed to promote the reestablishment of local plant species (Li et al., 2016b) . The aim of this study is to predict the effectiveness of restoration efforts following the introduction of freshwater or seawater onto degraded salt marshes in the Yellow River Delta, and to investigate the germination thresholds of environmental conditions, mainly soil moisture and salinity, which determine the re-establishment of halophyte species on bare patches of salt marsh. In field experiments, we explored the restoration effectiveness of sown seeds of three local halophyte species on four degraded bare flats under two restoration efforts by introducing either freshwater or seawater, and considered the invasive risk of an exotic species when soil salinity and moisture are changed by restoration practices. We also conducted greenhouse controlled environment experiments to identify the thresholds of soil moisture and salinity for seedling establishment by testing the effect of stress removal on promoting seedling emergence under salinity and soil moisture gradients.
We hypothesized that (1) seedling establishment in bare flats was inhibited by harsh soil salinity and moisture conditions; (2) the effectiveness in re-establishment of three local species varied among different sites and under different restoration practices; (3) invasion by exotic species will be promoted by restoration practices; and (4) the effectiveness of vegetation re-establishment under different restoration efforts depended on the initial stress state in the bare flats and on the response of soil thresholds to restoration practices.
Materials and methods

Study area
We conducted the research at the Yellow River Delta, located in Bohai Bay, China (118°68 0 E-119°34 0 E; 37°77 0 N-38°12 0 N) (Fig. 1) . The region has a semihumid continental monsoon climate with irregular and semi-diurnal tides (Li et al., 2016b) , with a range of -0.7 to 0.63 m relative to sea level (Yellow Sea Datum, YSD). Tide levels were estimated based on the astronomic tide model at the Dongyinggang tidal station (118°58 0 E, 38°06 0 N), cited from the National Marine Data and Information Service (NMDIS), China. The average annual temperature in the Yellow River Delta is 12.1°C and the average day/night spring temperatures are about 10 and 20°C, and the mean ± SE annual precipitation between 2000 and 2015 was 559.1 ± 40.4 mm (data from the China Meteorological Data Service Center (CMDA) http://data.cma.cn/en).
Since the 1960s, oilfields and aquaculture ponds have been built on salt marshes in the Yellow River Delta. Two-thirds of the Yellow River delta coastline have been covered by seawalls since the 1990s. In the Yellow River Delta, vegetation failed to establish in the sampled flats during the 1990s as a result of human reclamation and climate events (severe droughts). Bare flats appeared in the high and middle marsh zones and in most of the supratidal uplands. We conducted field experiments at four sites (S1-S4) in the bare flats. S1 and S2 were located in the high marsh with 0.5 m elevation, while S3 and S4 were located in the supratidal uplands with 0.8 m elevation (Fig. 1) .
Plant species
Across our tidal marshes study areas in the Yellow River Delta, Suaeda salsa (Linn.) Pall. dominates most coastal marshes, except for the supratidal uplands (Song et al., 2009; He et al., 2012) . The high marsh zone is mainly covered by S. salsa, with interspersed patches of Phragmites australis (Cav.) Trin. ex Steud and Salicornia europaea L. (He et al. 2015) . S. salsa, S. europaea, and P. australis are native species. Spartina alterniflora Loisel. is a newly arrived exotic species (Li et al., 2014; Liu et al., 2016) , which has occupied the low marshes since 2013, and has spread out to the higher marshes. S. salsa and S. europaea are annual halophyte species of the Chenopodiaceae. Sexual reproduction and spread by seeds is the only form of reproduction for the annual species S. salsa and S. europaea. S. alterniflora and P. australis are perennial Poaceae species. S. alterniflora is a halophyte species and P. australis can live in both freshwater and tidal habitat. S. alterniflora and P. australis invest in asexual reproduction through rhizomes in the low marshes and the supratidal uplands in the Yellow River Delta, but the two species also produce a large number of viable seeds to achieve long-distance expansion.
Seed bank sampling
We established three 5 9 5 m seed bank sampling quadrats at each site. One-hundred 10 cm diameter soil cores were collected at random within the 0-2 cm surface litter layer of each quadrat in March 2014 to sample the temporary seed bank. We induced the germination of seeds under greenhouse conditions to identify the species and the number of seeds in the soil samples. The samples were first sieved with 1 9 1 mm and 0.15 9 0.15 mm meshes to reduce the material volume (TerHeerdt et al., 1996; Fennell et al., 2014) . The sieved soil samples from each plot were spread out into a 1-2 cm layer of steam-sterilized sand in 30 (length) 9 18 (width) 9 5 (depth) cm plastic trays. The trays were watered every day with freshwater and placed in a greenhouse (Li et al., 2012) . Supplementary light was available between 06:00 and 18:00 from sodium-vapor lamps and the temperature was set at 20°C (06:00-18:00) and 10°C (18:00-06:00). Seedlings were identified according to species, and the numbers were counted every week. The germination experiments lasted for 4 months for each soil sample.
Seed collection
Seeds of S. salsa, S. alterniflora, S. europaea, and P. australis were collected from adult plants in vegetated regions around the bare flats in the Yellow River Delta in October 2013. Seeds of the four species were stored at -5°C before being used in the field and greenhouse experiments.
Freshwater and seawater irrigation and attempted site restoration
To assess the potential of the three local plant species for restoration and the invasion risk of one exotic species under two restoration practices, using irrigation with either freshwater or seawater, we conducted field experiments in our four field sites in the bare flats. The seawater was delivered from a tidal creek 0.5 km from the field sites. A freshwater restoration project had been implemented in 2006, and the freshwater was delivered from the Yellow River by diversion canal. The restoration project was 1.7 km away from the bare flat study area, so the freshwater used in this study was transported from the freshwater restoration project. The seawater and freshwater were transported to the four field sites every day using buckets. The mean ± SE salinity of the seawater was 28 ± 0.42 ppt (parts per thousand) and of the freshwater was 0.6 ± 0.03 ppt. Fig. 1 Maps of the study sites. Four sites were arranged in the bare flats. S1 and S2 were located in the high marsh, while S3 and S4 were located in the supratidal uplands. The study area was mapped using ArcGIS 10.3 software (Esri China Information Technology Co. Ltd, Hong Kong, China, http:// www.esri.com/) based on the remote sensing image data which were purchased from SPOT 3
We established nine 1 9 1 m plots in each of the four sites in October 2013. Each plot was caged with galvanized wire mesh (1.0 9 1.0 cm mesh size, 40 cm above-,and 10 cm below-ground) held by wooden stakes to limit herbivory by crabs in the Yellow River Delta. Plastic mesh (7 9 7 mm mesh size) was placed outside the wire mesh to isolate the plots from external seed dispersal. Every plot was divided into four equal blocks. Collected seeds of the four species (400 mature seeds of S. salsa, 400 seeds of S. europaea, 150 seeds of S. alterniflora, and 150 seeds of P. australis) were spaced sown to 1 cm depth in plots, and seeds of only one species were brought into each block, to avoid competition at the seedling stage.
Three plots were randomly assigned to each of the three treatments, namely, the control treatment, freshwater-irrigation treatment, and seawater-irrigation treatment in the field experiment. In the control treatment, seeds of the four species germinated under natural conditions without any manipulation. Freshwater-irrigated treatment plots were watered with 600 ml freshwater each day. Seawater-irrigated treatment plots were watered with 600 ml each day. Thereafter, seedling numbers were recorded every week from March to May 2014.
Three replicate soil cores (5 cm diameter 9 5 cm deep) were sampled in each plot to determine the initial soil salinity and soil moisture before the field experiments began. The soil cores were sampled again after the restoration efforts (by freshwater and seawater irrigation) were completed. Soil cores were weighed, oven dried at 60°C, and re-weighed to determine soil moisture content. Dried soil was mixed with a known volume of deionized water and the salinity of the supernatant was measured after 24 h, using a conductivity meter (Pennings et al., 2003; Cui et al., 2011) .
Stress removal treatments
To investigate how the initial conditions of soil salinity and moisture in the field study sites affected seedling establishment and to quantitatively address the effect of freshwater-and seawater-irrigation practices, we conducted a greenhouse experiment to determine seedling establishment under salinity and moisture gradients to identify the thresholds for each stress removal practice.
A total of 150 mature seeds of each species was dispersed in plastic trays [30 (length) 9 18 (width) 9 5 (depth) cm] containing 2-cm-deep steam-sterilized sand and 2-cm-deep soil (screened soil without any seeds) as the substrate. The gradient of salinity was 8, 12, 16, 20, or 24 parts sodium chloride per thousand (ppt) and the gradient of soil moisture content was 5% (w/v), 10, 16, 24, or 30%. We used water which was 8, 12, 16, 24, or 30 ppt salt to maintain the salinity gradient, and, to achieve the soil moisture content gradient, we watered the trays with 500 mL water (0 ppt salt) twice a day, 500 mL once a day, 500 ml once every 2 days, 200 ml once every 2 days, or 100 mL once every 2 days, which kept the soil moisture at about 30, 24, 16, 10, or 5%, respectively.
For every stress salinity or moisture condition, we established three treatments: stress-holding treatment, moisture stress removal treatment, and salinity stress removal treatment. In the stress-holding treatment, seeds of each of the four species were cultivated under a concentration gradient of salinity or moisture for 2 months and the salinity or moisture content was maintained for the whole time. The moisture stress removal treatment exposed the seeds to moisture stress for the 1st month, changing the watering frequency to 500 ml once a day but maintained the salinity gradient the following month to eliminate moisture stress. In the salinity stress removal treatment, the applied water was changed to freshwater in the 2nd month. All of the treatments were replicated six times in a greenhouse. In the greenhouse, supplementary light was available between 06:00 and 18:00 and the temperature was maintained at 20°C (06:00-18:00) or 10°C (18:00-06:00). Seedling emergence was recorded every day.
Data analysis
We used ANOVAs with Tukey post hoc multiple comparison tests to determine significant differences among all treatments in the field experiment or differences with respect to salinity or soil moisture gradient in the greenhouse experiment. All analyses were conducted with SPSS v.20 software (International Business Machine Corporation, Armonk, New York, USA). Datasets were natural-log transformed, where necessary, to meet assumptions of normality and homogeneity of variance.
Results
Seed bank investigation in bare flats
The seed densities of the four species in the soil seed bank in the surface litter layer in site S1 on the bare flats were 23.2 ± 2.6 seeds/m 2 for S. salsa, 8.0 ± 2.4 seeds/m 2 for S. alterniflora, 0 seeds/m 2 for S. europaea, and 15.0 ± 5.7 seeds/m 2 for P. australis. The densities of S. salsa, S. europaea, S. alterniflora, and P. australis in the temporary seed bank in other sites were too low to detect.
Soil factor changes after implementation of restoration practices
The initial soil salinity and moisture conditions at the start of this field study differed among study sites (salinity: F 3,20 = 115.545, P \ 0.001; moisture: F 3,20 = 1775.331, P \ 0.001). Site S1 had higher soil moisture content (28.8 ± 1.2%) than all the other sites, while S2 had the lowest mean ± SE salinity level (11.4 ± 0.3 ppt). The effects of freshwater or seawater irrigation strongly influenced soil salinity and moisture contents. After freshwater irrigation, the soil salinity of all four sites declined significantly (F 1,40 = 45.280, P \ 0.001). After seawater irrigation, soil salinity in sites S1, S3, and S4 decreased, though not significantly, but increased in S2 (F 1,40 = 0.006, P = 0.941) (Fig. 2a) . The soil moisture content increased steeply in sites S2, S3, and S4 but only slightly in S1 after either freshwater (F 1,40 = 7.643, P = 0.009) or seawater irrigation (F 1,40 = 6.195, P = 0.017) (Fig. 2b) .
The effectiveness of restoration practices on seedling establishment Seedling emergence was recorded in the field manipulation experiment to test the performance of freshwater-and seawater-irrigating practices in improving seedling establishment. No seedlings of S. alterniflora or P. australis were recorded at any of the study sites in the control plots. The seedling emergence rates of S. salsa and S. europaea were about 2-4% at control plots at sites S1 and S2 but seedlings of either species failed to establish in control plots at site S4.
Seedling emergence in the freshwater-irrigated treatment plots was significantly higher than that in the control plots at all study sites for S. salsa, at sites S1 and S2 for S. alterniflora, and at sites S1, S2, and S3 for S. europaea and P. australis (F 1,48 = 50.116, P \ 0.001 for S. salsa; F 1, 24 = 48.357, P \ 0.001 for S. alterniflora; F 1, 36 = 48.655, P \ 0.001 for S. europaea; F 1,36 = 13.351, P \ 0.001 for P. australis). The effects of seawater irrigation on S. salsa seedling establishment were similar to that with freshwater irrigation, and was significantly higher than that in the control plots at sites S1, S2, and S3 (F 1, 36 = 11.227, P = 0.002) (Fig. 3a) ; seedling establishment of S. salsa failed in site S4 under seawater irrigation. Seedling emergence of S. alterniflora in freshwaterand seawater-irrigated treatments was not significantly different (F 2,24 = 0.016, P = 0.900) at S1 and S2 (Fig. 3b) . No seedlings of S. alterniflora were recorded in either freshwater-or seawater-irrigated treatments at sites S3 and S4. Seedling emergence of S. europaea in the seawater-irrigated treatment was significantly lower than that in the freshwater-irrigated Fig. 2 The initial soil salinity and moisture conditions at the start of this field study and the effects of freshwater or seawater irrigation on soil salinity and moisture contents. Data are showed as mean ± SE and letters indicate significant differences based on Turkey post hoc multiple comparison tests treatment (F 2,36 = 17.261, P \ 0.001) and was significantly higher than that in control plots (F 2,36 = 6.233, P = 0.018) at sites S1, S2, and S3, whereas at site S4, both freshwater-and seawaterirrigated treatments failed to promote seedling establishment (Fig. 3c) . Seedlings of P. australis in the seawater-irrigated treatment established only at site S1 (Fig. 3d) .
Response of seedling establishment to salinity stress removal in greenhouse studies Tolerance to salinity stress varied among the species under investigation. S. salsa, S. alterniflora, and S. europaea all had higher salt tolerance than did P. australis during the germination and seedling stages. Seedling emergence of S. salsa, S. alterniflora, and S. europaea was highest at 8 ppt salinity (26% for S. salsa, 17% for S. alterniflora, and 25% for S. europaea) (Fig. 4a, b , and c). Seedling emergence for S. salsa, S. alterniflora, and S. europaea decreased significantly as the salinity rose, and seedling establishment was seriously inhibited when salinity exceeded 20 ppt. Seedling emergence of P. australis seeds was completely inhibited when salinity reached 8 ppt (Fig. 4d) . When salinity stress was removed, seedling emergence of S. salsa, S. alterniflora, S. europaea, and P. australis improved significantly (F 1,60 = 30.472, P \ 0.001 for S. salsa; F 1,60 = 10.836, P = 0.002 for S. alterniflora; F 1,60 = 30.642, P \ 0.001 for S. europaea; F 1,60 = 18.363, P \ 0.001 for P. australis). The supplementary seedling emergence of S. salsa was highest at 12 ppt salinity (Fig. 4a) . As for S. alterniflora and S. europaea, the supplementary seedling emergence was highest at 20 ppt salinity, but the emergence was not markedly lower at lower salinities ( Fig. 4b and c) . The supplementary seedling emergence of P. australis declined significantly with increased salinity stress (Fig. 4d) , and subsequent removal of the salinity stress failed to achieve higher seedling emergence following high salinity stress.
The threshold of soil moisture for seedling establishment in greenhouse studies Under soil moisture stress, emergence of S. alterniflora and P. australis seedlings was inhibited completely across the entire soil moisture gradient. S. salsa seeds similarly exhibited serious inhibition and could Fig. 3 The results of the field manipulation experiment with the control treatment, freshwaterirrigation treatment, and seawater-irrigation treatment. The seedling emergence of four plant species a S. salsa, b S. alterniflora, c S. europaea, d P. australis was recorded to test the performance of freshwater-and seawaterirrigating practices. Data are shown as mean ± SE ,and letters indicate significant differences based on Turkey post hoc multiple comparison tests reach only 0.62 ± 0.4% seedling emergence when soil moisture content was low by 24% (Fig. 5a ). S. europaea seeds showed greater tolerance than did those of S. salsa, and could reach 6.66 ± 2.04% seedling emergence at (Fig. 5c ) 24% soil moisture content. When the soil moisture stress was removed, seedling emergence of S. salsa and S. europaea was significantly improved (F 1,80 = 33.648, P \ 0.001 for S. salsa; F 1,36 = 15.151, P \ 0.001 for S. europaea). Seeds of S. alterniflora and P. australis exhibited only a weakly restored emergence when seeds were released from the serious stress associated with 5% soil moisture (Fig. 5b and d) . By contrast, germination of S. alterniflora and P. australis seeds increased more markedly after drought stress, at other soil moisture concentrations, namely, 16, 24, and 30% (F 1,64 = 43.449, P \ 0.001 of S. alterniflora; F 1,64 = 35.920, P \ 0.001 of P. australis).
Discussion
The performance of restoration practices Our results indicated that changes in salinity and water had no effects on improving seedling re-establishment until the thresholds were reached (Wolters et al., 2008; Sarneel et al., 2014) . Our results showed that soil salinity was reduced by 30-60% and soil moisture was raised more than two-fold following freshwater irrigation of the bare flat. Soil salinity only decreased by 10% but soil moisture doubled under seawater irrigation. The soil factors conformed to thresholds for seedling establishment under freshwater irrigation, and a large shift in seed behavior occurred on bare flats that might be successfully exploited in vegetation reestablishment (Silinski et al., 2015) . The freshwaterirrigation practice created a favorable environment for seedling establishment, by lowering soil salinity and raising moisture content. For two local halophytic species at some sites in the bare flat, the seawaterirrigation effect also contributed to seedling establishment, but the soil salinity still exceeded the threshold value for P. australis emergence after seawater irrigation.
The effects of freshwater or seawater irrigation were confirmed by our field experiment, the results of which are in agreement with previous studies on freshwater-irrigation restoration projects or tidal creek restoration projects (Cui et al., 2009; Borsje et al., 2011; Day et al., 2012; Visser & Peterson, 2015) . In practice, freshwater-irrigation practices are only common in salt marshes in large river deltas, where freshwater would be introduced from the river. For example, in the Yellow River Delta, more than 680 ha degraded salt marshes were surrounded by earthen dams to prevent tidal flooding, and freshwater from the Yellow River was delivered to desalinate the salt marshes in 2006 (Li et al., 2016a, b) . Our results also suggested that seed germination is highly dependent on the condition of soil factors after the restoration efforts (Handa & Jefferies, 2000) . Seedlings of species which are more sensitive to saline soil, such as P. australis, or which have lower threshold tolerances to soil moisture, would have stronger requirements for the restoration practices.
Inhibition of plant seedling re-establishment by soil factors in bare flats It is widely believed that the seed bank is a biotic legacy in degraded salt marshes which can offer great potential for vegetation restoration (O'Donnell et al., 2016) . However, the density of seeds of the dominant salt marsh plant species in the litter layer was low and contributed little to vegetation recovery in our study of bare flats. Seed introduction would be an alternative restoration strategy for use on the bare flats. It is generally recognized that seeds only germinate under favorable environmental conditions. In coastal wetlands, soil moisture content and salinity are the most common environmental stressors (Nichols et al., 2009) . Soil salinity can disturb osmotic traits, induce ion toxicity, and interfere with water and nutrient uptake, inhibiting seed germination and subsequent seedling survival (Munns & Tester, 2008) . The threshold of tolerance to salinity stress varied among the species investigated. The halophytic species S. salsa, S. alterniflora, and S. europaea have high salt tolerance (Kefu et al., 2003; Song et al., 2008; Snedden et al., 2015; Song & Wang, 2015) and can continue to germinate under extremely high salt concentrations. Seed germination of S. salsa, S. alterniflora, and S. europaea was not inhibited until salinity exceeded 20 ppt. Seedling emergence of P. australis seeds was seriously inhibited when salinity reached 12 ppt.
Our findings agreed with results from other studies, demonstrating that soil moisture content plays an important role in seedling emergence (Munns, 2002) . The inhibitory effect of water deficit stress on seed germination was more obvious on S. alterniflora and P. australis than on S. salsa and S. europaea. The seeds of S. salsa and S. europaea could cope with the stress associated with a moisture content of 24%, but germination of S. alterniflora and P. australis seeds was completely inhibited and no seedlings were observed at soil moisture contents below 30%. The soil conditions in the bare flats were beyond the threshold values favorable for seedling establishment, with greater soil salinity and drier soil. Germination of the introduced seeds was inhibited by these conditions and seedlings barely established in the absence of irrigation-based restoration efforts under field conditions on the bare flats.
The invasion risk of S. alterniflora
Based on the results of greenhouse controlled environment experiments, S. alterniflora seeds have been shown to exhibit high salt tolerance and could achieve high germination rates at all the salinity stress levels tested. However, emergence from S. alterniflora seeds was inhibited seriously by soil moisture deficits. Eliminating the low-water stress by increasing soil moisture, seeds of S. alterniflora exposed to lower levels of water deficit stress exhibited considerable increases in seedling emergence following irrigation, but did not recover from serious water stress. Our results showed that, if the initial soil moisture content in bare flats was more than 15%, such as in sites S1 and S2, S. alterniflora seeds can germinate and potentially achieve successful invasion when freshwater or seawater irrigation is carried out. How to control the invasion risk of S. alterniflora, caused by the manipulation of soil conditions needed to restore the native vegetation in degraded flats, would need additional measures and further research.
The response of seedling re-establishment to initial stresses on bare flats Our results showed that seedling emergence was significantly different under the same restoration strategies among different sites. The reason for this observation was the initial stress level in the bare flats (Wolters et al., 2008) . The initial differences in stress resulting from the soil conditions, causing differential seedling establishment between sites on the same flats, was due to heterogeneity in terms of the elevations of the different sites in the same bare flats (Davy et al., 2011) . Soil salinity and water content of intertidal salt marshes are highly dependent on the frequency of tidal inundations, and commonly soil at sites at lower elevations, which are exposed to more frequent tidal inundations, has higher moisture content and more stable salinity level (van Katwijk & Wijgergangs, 2004) , as with site S1 in this study. The initial soil salinity and moisture content in the bare flats was unsuitable for seedling emergence of halophyte species. Restoration efforts modified the initial conditions to provide suitable conditions to relieve the inhibition of seed establishment (Schwarz et al., 2011) . A significant reduction in stress was observed in sites with relatively mild initial soil conditions. However, in sites with hypersaline and/or dry soil, irrigation could not improve the soil factors sufficiently to reach the seedling emergence threshold. The effects of initial soil salinity and moisture in the bare flats were further confirmed by greenhouse controlled environment experiments. The intractable initial stress was one of the main reasons for the spatial heterogeneity in the effectiveness of restoration practices.
Thresholds of soil factors for initial seedling establishment regulating vegetation restoration
Our results implied that the re-establishment of plant seedlings in degraded bare flats has dual thresholds which need to be passed. One threshold identified from our field experiment was the tolerance limits of initial seedling establishment to soil conditions. The initial seedling establishment processes are inhibited by stresses from extreme soil factors in degraded bare flats until the stresses were lowered by their manipulation as part of restoration efforts. The stress reduction caused by soil irrigation needed to be large enough to ensure that the modified soil conditions were favorable for seed germination. Whether the stresses had been removed sufficiently determined the effectiveness of restoration efforts. In some cases, manipulation of the soil conditions, such as with seawater irrigation, failed to decrease soil salinity enough to reach the salinity threshold for P. australis seed germination. However, according to our greenhouse experiments, the effectiveness of restoration practices depended on the initial soil-based stress even after all the stresses had been removed, and the improved soil conditions met the seed germination thresholds. The results showed that the initial stress in the bare flats was the other threshold which needed to be passed. When the initial stresses resulting from soil salinity and moisture caused dormancy or death of seeds from individual species, the restoration practices were useless in promoting seedling establishment, regardless of the reduction in initial stresses. Our study identified the two kinds of thresholds of soil moisture and salinity for four important salt marsh species. The effect of restoration efforts on plant-soil interactions controlled initial soil conditions and differed among plant species. The seeds of plant species with lower tolerance to soil salinity or moisture were sensitive to initial soil conditions and required more powerful restoration practices. To obtain an intuitive understanding of the environmental thresholds required for restoration practices, we developed a graphical model for the effect of soil factors on seedling establishment (Fig. 6) . The threshold concept implies that re-establishment of a plant species requires a suitable restoration effort on the bare flats, with enduring physical conditions to pass all thresholds (Suding & Hobbs, 2009) . Future restoration may increasingly emphasize the elimination of degraded habitat conditions and subsequently the recovery of the vegetation (Weinstein et al., 2014) . The implications of soil factor threshold information can enable prediction of the effectiveness of restoration practices that will help guide future programs on bare flats (Hu et al., 2015) . Management to achieve the appropriate soil factor thresholds at the vulnerable seedling emergence stage may inform success of restoration practices, but further research is needed to confirm seedling establishment after application of these restoration strategies.
The re-establishment of important plant species, which were prevalent before ecosystem degradation, is a major goal of ecological restoration (Benayas et al., 2009; Sarneel et al., 2014) . The effects of restoration practices to mitigate the degradation of coastal marshes is an important focus for coastal wetland managers (Weinstein et al., 2014) . Our work attempted to provide information on the success of ecological restoration at the early seedling establishment life stage in coastal salt marshes by combining soil factor thresholds with restoration strategies. The gray-filled circles indicate the unsuitable state for restoration practices. The horizontal axis was the initial stresses of soil conditions, like the soil salinity or moisture, in degraded salt marshes, and the vertical axis was the stress reduction after restoration practices implementing, such as the salinity decreasing or moisture raising caused by freshwater-or seawater-irrigation efforts. The two thresholds for seeding re-establishment were intuitively shown on horizontal and vertical axes
